One Planet or Two Planets? The Ultra-sensitive Extreme-magnification
  Microlensing Event KMT-2019-BLG-1953 by Han, Cheongho et al.
ar
X
iv
:2
00
2.
05
31
0v
1 
 [a
str
o-
ph
.E
P]
  1
3 F
eb
 20
20
DRAFT VERSION FEBRUARY 14, 2020
Preprint typeset using LATEX style emulateapj v. 12/16/11
ONE PLANET OR TWO PLANETS? THE ULTRA-SENSITIVE EXTREME-MAGNIFICATIONMICROLENSING EVENT
KMT-2019-BLG-1953
CHEONGHO HAN001,101, DOEON KIM001, YOUN KIL JUNG002 , ANDREW GOULD003,004,101, IAN A. BOND005,102,
(LEADING AUTHORS),
MICHAEL D. ALBROW006, SUN-JU CHUNG002,007, KYU-HA HWANG002, CHUNG-UK LEE002, YOON-HYUN RYU002, IN-GU SHIN002,
YOSSI SHVARTZVALD008, JENNIFER C. YEE009, WEICHENG ZANG010, SANG-MOK CHA002,011, DONG-JIN KIM002, HYOUN-WOO KIM002,
SEUNG-LEE KIM002,007, DONG-JOO LEE002, YONGSEOK LEE002,011, BYEONG-GON PARK002,007, RICHARD W. POGGE004,
WOONG-TAE KIM012
(THE KMTNET COLLABORATION),
FUMIO ABE013, RICHARD BARRY014, DAVID P. BENNETT014,015, APARNA BHATTACHARYA014,015, MARTIN DONACHIE016,
HIROSANE FUJII013, AKIHIKO FUKUI017,018, YOSHITAKA ITOW013, YUKI HIRAO019, RINTARO KIRIKAWA019, IONA KONDO019,
NAOKI KOSHIMOTO020,021, MAN CHEUNG ALEX LI016, YUTAKA MATSUBARA013, YASUSHI MURAKI013, SHOTA MIYAZAKI019,
MASAYUKI NAGAKANE019, CLÉMENT RANC014, NICHOLAS J. RATTENBURY016, YUKI SATOH019, HIKARU SHOJI019,
HARUNO SUEMATSU019, TAKAHIRO SUMI019, DAISUKE SUZUKI022, YUZURU TANAKA019, PAUL J. TRISTRAM023,
TSUBASA YAMAWAKI019, ATSUNORI YONEHARA024
(THE MOA COLLABORATION),
001 Department of Physics, Chungbuk National University, Cheongju 28644, Republic of Korea; cheongho@astroph.chungbuk.ac.kr
002 Korea Astronomy and Space Science Institute, Daejon 34055, Republic of Korea
003 Max Planck Institute for Astronomy, Königstuhl 17, D-69117 Heidelberg, Germany
004 Department of Astronomy, Ohio State University, 140 W. 18th Ave., Columbus, OH 43210, USA
005 Institute of Natural and Mathematical Sciences, Massey University, Auckland 0745, New Zealand
006 University of Canterbury, Department of Physics and Astronomy, Private Bag 4800, Christchurch 8020, New Zealand
007 Korea University of Science and Technology, 217 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea
008 Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 76100, Israel
009 Center for Astrophysics | Harvard & Smithsonian 60 Garden St., Cambridge, MA 02138, USA
010 Department of Astronomy and Tsinghua Centre for Astrophysics, Tsinghua University, Beijing 100084, China
011 School of Space Research, Kyung Hee University, Yongin, Kyeonggi 17104, Republic of Korea
012 Department of Physics & Astronomy, Seoul National University, Seoul 08826, Republic of Korea
013 Institute for Space-Earth Environmental Research, Nagoya University, Nagoya 464-8601, Japan
014 Code 667, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
015 Department of Astronomy, University of Maryland, College Park, MD 20742, USA
016 Department of Physics, University of Auckland, Private Bag 92019, Auckland, New Zealand
017 Instituto de Astrofísica de Canarias, Vía Láctea s/n, E-38205 La Laguna, Tenerife, Spain
018 Department of Earth and Planetary Science, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
019 Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan
020 Department of Astronomy, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
021 National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
022 Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo, Sagamihara, Kanagawa, 252-5210, Japan
023 University of Canterbury Mt. John Observatory, P.O. Box 56, Lake Tekapo 8770, New Zealand and
024 Department of Physics, Faculty of Science, Kyoto Sangyo University, 603-8555 Kyoto, Japan
Draft version February 14, 2020
ABSTRACT
We report a strong candidate multiplanetary system found by analyzing a very high-magnification (A∼ 900)
microlensing event KMT-2019-BLG-1953. A single-lens single-source (1L1S)model appears to approximately
delineate the observed light curve, but the residuals from the model exhibit small but obvious deviations in the
peak region. Although models with a binary lens (2L1S) and binary source (1L2S) improve the fit, there still
remain small residuals from the models, and these residuals can be explained by either triple-lens (3L1S) or
binary-lens binary-source (2L2S) models. Among the two models, we judge that the 3L1S model provides a
more plausible interpretation first because the signature of the second planet according to the 3L1S solution
appears in the region where it is expected, i.e., around the peak of a very high-magnification event, and second
because the 2L2S model is physically implausible. From the 3L1S modeling, we find four sets of solutions
caused by the close/wide degeneracies in the planet separations from the host, s2 and s3. From Bayesian
analysis, we estimate that the host of the planets has a mass ofMhost = 0.31+0.37−0.17 M⊙ and that the planetary system
is located at a distance of DL = 7.04+1.10−1.33 kpc toward the Galactic center. The mass of the first planet, M2, is in
the range of 0.42. M2/MJ . 0.62 and that of the second planet, M3, is in the ranges of 0.27. M3/MJ . 0.48
for solutions with s3 < 1.0 and 2.1. M3/MJ . 2.8 for solutions with s3 > 1.0.
Subject headings: Gravitational microlensing (672) – Gravitational microlensing exoplanet detection (2147)
101 KMTNet Collaboration.
102 MOA Collaboration.
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1. INTRODUCTION
Microlensing events with very high magnifications are of
scientific importance for various reasons. First, the chance
for the lens to pass over the surface of the source star is
high for these events, and this allows one to measure the
angular Einstein radius θE, from which the physical param-
eters of the lens can be better constrained (Gould 1994;
Nemiroff & Wickramasinghe 1994; Witt & Mao 1994). Sec-
ond, the detection probability is very high for planets located
in the lensing zone of the host, and thus high-magnification
events provide an efficient channel to detect microlensing
planets (Griest & Safizadeh 1998).
Another scientific importance of high-magnification events
is that they provide a channel to detect multiplanetary sys-
tems. The basis for this use of microlensing lies in the proper-
ties of lensing caustics induced by planets. A planet located in
the vicinity of the Einstein ring induces two sets of caustics,
in which one is located away from the host of the planet (plan-
etary caustic) and the other is located close to the host (cen-
tral caustic). See Han (2006) and Chung et al. (2005) for the
properties of the planetary and central caustics, respectively.
If a lens has multiple planets, the individual planets induce
central caustics in the common central magnification region
and affect the magnification pattern of the region. For very
high-magnification events, that are produced by the source
passage through the central magnification region, then, the
chance to detect the signatures of the individual planets is high
(Gaudi et al. 1998).
The usefulness of the high-magnification channel in detect-
ing multiplanetary systems has been demonstrated by the fact
that three out of four known microlensing multiplanetary sys-
tems were detected through this channel. The first multiplan-
etary system detected through this channel is OGLE-2006-
BLG-109L, in which two planets with masses of ∼ 0.71 MJ
and ∼ 0.27 MJ are orbiting around a primary star of a mass
∼ 0.50 M⊙ with projected orbital separations of ∼ 2.3 au and
∼ 4.6 au (Gaudi et al. 2008; Bennett et al. 2016). This sys-
tem resembles a scaled version of our solar system in that the
mass ratio, separation ratio, and equilibrium temperatures of
the planets are similar to those of Jupiter and Saturn of the
Solar system. The microlens OGLE-2012-BLG-0026L is the
second system, in which the lens consists of two planets with
masses of ∼ 0.14 MJ and ∼ 0.86 MJ and projected separa-
tions of∼ 4.0 au and∼ 4.8 au from the host with about a solar
mass (Han et al. 2013; Beaulieu et al. 2016). The third system
is OGLE-2018-BLG-101L,which is composed of two planets
with masses∼ 1.8 MJ and∼ 2.8 MJ around a host with a mass
∼ 0.18 M⊙. The system is located at a distance of ∼ 7.1 kpc
and it is the farthest system among the known multiplanetary
systems (Han et al. 2019). Besides these microlensing multi-
planetary systems, Ryu et al. (2020) pointed out the possibil-
ity that the lens of the lensing event OGLE-2018-BLG-0532
might have a second planet although there also existed an-
other interpretation of the signal. The multiplanetary system
OGLE-2014-BLG-1722L (Suzuki et al. 2018) was detected
from the planetary signals produced by the combination of
the planetary and central caustics.
In this paper, we report the discovery of a candidate of a
new microlensing multiplanetary system that is detected from
the analysis of the very high-magnification event KMT-2019-
BLG-1953. For the presentation of the analysis, we organize
the paper as follows. In Section 2, we describe the obser-
vations of the event and the data used in the analysis. In
FIG. 1.— Lightcurve of KMT-2019-BLG-1953. The curve superposed
on the data points is the model based on a 1L1S interpretation considering
finite-source effects and the lower panel shows the residual from the model.
Telescopes used to acquire the data are marked in the legend, and the colors
of the individual telescopes and data points are chosen to match one another.
Section 3, we present analysis of the data conducted under
various interpretations of the event. We estimate the angular
Einstein radius in Section 4 and estimate the physical lens pa-
rameters in Section 5. In Section 6, we discuss the importance
of followup observations for extreme lensing events for both
planet detections and physical lens parameter determinations.
In Section 7, we summarize the results of the analysis and
conclude.
2. OBSERVATION AND DATA
The lensing event KMT-2019-BLG-1953 occurred on a star
located toward the Galactic bulge field. The equatorial coor-
dinates of the lensed star (source) are (R.A.,decl.)J2000 = (17 :
56 : 27.90,−28 : 12 : 04.00). The corresponding Galactic co-
ordinates are (l,b) = (1◦.85,−1◦.67).
The magnification of the source flux induced by lensing
was first found by the Korea Microlensing Telescope Net-
work (KMTNet) survey (Kim et al. 2016, 2018) on 2019-08-
05 (HJD′ ≡ HJD− 2450000∼ 8701) when the magnification
of the source flux was A ∼ 13. The KMTNet survey was
conducted utilizing three identical 1.6 m telescopes that were
globally located at the Siding Spring Observatory in Australia
(KMTA), Cerro Tololo Interamerican Observatory in Chile
(KMTC), and the South African Astronomical Observatory in
South Africa (KMTS). Each of the KMTNet telescopes was
equippedwith a camera consisting of four 9k×9k chips, yield-
ing 4 deg2 field of view. Images from the survey were mainly
taken in the I band and a subset of images were obtained in
theV band for the source color measurements. The event was
located in the two overlapping KMTNet fields of BLG02 and
BLG42, toward which observations were conducted most fre-
quently among the total 27 KMTNet fields. Being located in
the two overlapping fields in which each field was observed
with a 30 min cadence, the event was observed with a com-
bined cadence of 15 min. The cadence of the V -band obser-
vations was about one tenth of the I-band cadence.
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FIG. 2.— Zoomed-in view around the peak region of the light curve (top panel). Plotted over the data points are the model curves of the 3L1S (solid curve)
and 1L1S (dotted curve) solutions. In the five bottom panels, we present the residuals from the five tested models based on the 3L1S, 2L2S, 2L1S, 1L2S, and
1L1S interpretations and mark the χ2 value of the fits. The two times marked by t1 = 8701.975 and t2 = 8702.051 correspond to the two epochs at which the two
caustic-involved bumps in the residuals from the 1L1S model arise. The curve in the bottom panel represents the difference between the 3L1S and 1L1S models.
Photometry of the data was conducted using the pipeline
developed by Albrow et al. (2009) based on the difference
imaging method (Tomaney & Crotts 1996; Alard & Lupton
1998). For the source color measurement, additional photom-
etry was conducted using the pyDIA code (Albrow 2017) for
a subset of the KMTA data set. For the data used in the analy-
sis, error-bars from the photometry pipelines were readjusted
following the routine described in Yee et al. (2012).
We note that there exist additional data of the event acquired
by the Microlensing Observations in Astrophysics (MOA:
Bond et al. 2001) survey. The MOA survey found the event,
designated as MOA 2019-BLG-372, two days after the detec-
tion by the KMTNet survey. The MOA data are not used in
the analysis because (1) the observational cadence is low, (2)
the peak of the light curve is not covered, and (3) the photo-
metric quality of the data is not high.
In Figure 1, we present the light curve of the lensing event.
It shows that the source flux is greatly magnified. From mod-
eling the light curve based on a single-source and single-lens
(1L1S) interpretation, it is found that the source flux is magni-
fied by Apeak ∼ 900 at the peak. We will discuss the modeling
in the following section. Figure 2 shows a zoomed-in view of
the peak region of the light curve, which shows the deviation
affected by finite-source effects. The duration of the finite-
source deviation was about 2 hours.
3. MODELING LIGHTCURVE
3.1. 1L1S Modeling
Considering the apparently smooth and symmetric shape,
we first model the observed light curve with a 1L1S inter-
pretation. Modeling is carried out by searching for the lens-
ing parameters that best describe the observed light curve.
A 1L1S lensing light curve affected by finite-source effects
is described by four lensing parameters. These parameters
include t0, u0, tE, and ρ, which represent the time of the
closest lens-source approach, the lens-source separation at
that time (impact parameter), the event timescale, and the
normalized source radius, respectively. The lensing param-
eters are searched for using a downhill approach based on
the MCMC method. In computing finite-source magnifica-
tions, we use the semi-analytic expression that was derived
by Gould (1994) and later expanded by Yoo et al. (2004) to
consider the variation of the source star’s surface brightness
caused by limb darkening. We choose the limb-darkening co-
efficients from the table of Claret (2000) based on the source
type. The procedure for determining the source type will be
discussed in Section 4.
In Table 1, we present the best-fit lensing parameters of
4 Han et al.
TABLE 1
LENSING PARAMETERS OF 1L1S, 2L1S, 1L2S, AND 2L2S MODELS
Parameter 1L1S 2L1S 1L2S 2L2S
χ2 12823.5 12641.7 12663.0 12628.2
t0 (HJD′) 8702.015± 0.001 8702.016± 0.001 8702.015± 0.001 8702.014± 0.001
t0,2 (HJD′) – – 8701.949± 0.012 8702.042± 0.010
u0 (10−3) 0.70± 0.04 0.72± 0.04 0.02± 0.12 0.71± 0.06
u0,2 (10−3) – – 7.49± 1.16 1.10± 0.90
tE (days) 16.60± 0.25 16.05± 0.23 15.98± 0.27 16.01± 0.25
s – 2.51± 0.31 – 2.08± 0.25
q (10−3) – 1.97± 0.63 – 1.37± 0.61
α (rad) – 2.408± 0.038 – 2.494± 0.028
ρ (10−3) 2.32± 0.04 2.37± 0.04 2.31± 0.04 2.33± 0.05
ρ2 (10−3) – – 7.87± 2.93 0.65± 0.33
qF – – 0.108± 0.009 0.079± 0.024
NOTE. — HJD′ ≡ HJD−2450000.
the 1L1S model. To be noted among the lensing parame-
ters is that the impact parameter of the lens-source approach,
u0 = (0.70± 0.04)× 10−3, is extremely small, resulting in a
very high lensing magnification. In Figure 2, we present the
1L1S model curve (dotted curve in the top panel) in the peak
region of the light curve. The residuals from the model are
shown in the bottom panel. The 1L1S model appears to ap-
proximately delineate the observed light curve, but a close in-
spection of the residuals reveals that the model exhibits small
but obvious deviations with ∆I . 0.07 mag in the peak re-
gion. From an additional modeling considering annual mi-
crolens parallax effects (Gould 1992), it is found that the mi-
crolens parallax piE cannot be measured, mainly due to the rel-
atively short timescale, tE ∼ 16 days, of the event. It is known
that terrestrial parallax effects can be detected for events with
extreme magnifications (Gould 1997; Gould et al. 2009), and
thus we also check the model considering these effects. From
this, we find that piE cannot be securely measured mainly be-
cause the peak of the light curve is covered by only a single
observatory, i.e., KMTA.
3.2. 2L1S Modeling
Considering that a companion to a lens can induce devia-
tions in the peak region of a very high-magnification event,
we check whether the deviation from the 1L1S model can be
explained by the existence of a binary companion to the lens.
In order to check this possibility, we additionally conduct
binary-lens (2L1S) modeling. Adding one more lens compo-
nent in a lensing modeling requires including additional lens-
ing parameters. These parameters are the projected separa-
tion between the lens components, s (normalized to θE), the
mass ratio between the lens components, q = M2/M1, and the
source trajectory angle as measured from the binary axis, α
(source trajectory angle). In the 2L1S modeling, we divide
the lensing parameters into two groups. The grid parame-
ters s and q in the first group are searched for using a grid
search approach, while the remaining parameters are searched
for using a downhill approach based on the MCMC method.
In the first-round modeling, we construct ∆χ2 maps in the
grid-parameter space and investigate the maps to check the
existence of local minima that result in possible degenerate
solutions. In the second-round modeling, we refine the indi-
vidual local minima by allowing s and q parameters to vary
and find a global solution by comparing the χ2 values of the
local solutions.
We find that the 2L1S model substantially reduces the
1L1S residuals, but it still leaves subtle deviations. In Ta-
ble 1, we present the best-fit lensing parameters of the 2L1S
model. The measured binary lens parameters are (s,q) ∼
(2.51,1.97× 10−3), indicating that the companion is a plan-
etary mass object. We note that the 2L1S solution is subject
to the well-known close/wide degeneracy (Griest & Safizadeh
1998; Dominik 1999; An 2005). The presented parameters
are for the solution with s> 1.0 (wide solution), and the solu-
tion with s < 1.0 (close solution) yields a similar fit to that of
the wide solution. In Figure 2, we present the residuals from
the 2L1S solution with s > 1.0. The 2L1S model improves
the fit by∆χ2 = 181.8 with respect to the 1L1S model. From
the inspection of the residuals, however, it is found that the
2L1S residuals still exhibit subtle deviations from the model.
This hints that the 2L1S solution may not be adequate to fully
explain the central deviation.
3.3. 1L2S and 2L2S Modeling
We also check the possibility that the source is a binary
(2S). We first test a model in which the lens is a single ob-
ject and the source is a binary: 1L2S model. Similar to the
2L1S case, a 1L2S modeling requires extra lensing parame-
ters in addition to those of a 1L1S modeling. Following the
parameterization of Hwang et al. (2013), these additional pa-
rameters are t0,2, u0,2, ρ2, and qF , which represent the time
of the closest lens approach to the source companion, the
lens-companion separation at t0,2, the normalized radius of
the companion source star, and the flux ratio between the two
source stars, respectively. In the first-round modeling, we set
the initial parameters related to the first source (t0, u0, tE, and
ρ) as those determined from the 1L1S model and test vari-
ous trajectories of the second source. In the second round, we
refine the solutions by letting all parameters vary. The best-
fit lensing parameters of the 1L2S solution are presented in
Table 1 and the residuals from the solution are shown in Fig-
ure 2. It is found that the 1L2S solution improves the fit by
∆χ2 = 160.5 with respect to the 1L1S solution, but the fit is
worse than the 2L1S solution by∆χ2 = 48.5.
We also check a model in which both the lens and source
are binaries: 2L2S model. Considering that the 2L1S so-
lution substantially improves the fit, we start modeling with
the initial binary-lens parameters, i.e., (s,q,α), as those of the
2L1S solution. Considering also that the subtle residuals from
the 2L1S solution are confined to the peak region of the light
curve, we test various source trajectories passing close to the
first source. In Figure 2, we present the residuals of the 2L2S
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FIG. 3.— Lens system configurations of the 3L1S (upper panel) and 2L2S
(lower panel) models. In each panel, the red cuspy figure represents the
caustic, and the line with an arrow denotes the source trajectory. For the
2L2S model, there are two source trajectories corresponding to the individual
source stars. The two orange circles in the upper panel represent the source
positions at the two epochs marked by t1 and t2 in the light curve presented
in Fig. 2. The orange circles in the lower panel represent the positions of
two source stars at t0 . The size of the source circle is scaled to the caustic
size. Lengths are scaled to the angular Einstein radius corresponding to the
total mass of the lens. The gray curves around the caustic represent equi-
magnification contours.
solution, and we list the lensing parameters in Table 1. We
note that the model is subject to the close/wide degeneracy in
s and the presented parameters are for the wide solution with
s > 1.0. In the lower panel of Figure 3, we present the lens
system configuration, in which the source trajectories of the
two source stars with respect to the caustic in the central mag-
nification region is shown. It is found that the 2L2S model
substantially reduces the residuals from the 2L1S model. The
improvement of the fit is∆χ2 = 13.5 with respect to the 2L1S
model.
3.4. 3L1S Modeling
Finally, we test a 3L1S model, in which the lens is com-
posed of two planets and their host. We test this model be-
cause if an additional planet exists, its signal would appear
in the central magnification region, and this may explain the
residuals from the 2L1S model. The addition of a third body,
M3, to the binary lens components, M1 and M2, requires three
additional lensing parameters in lensing modeling. These pa-
rameters are the projected separation, s3, and mass ratio, q3,
between M1 and M3, and the orientation angle of M3 with
respect to the M1–M2 axis, ψ. To designate the M1–M2 sepa-
ration and M2/M1 mass ratio, we use the notations s2 and q2,
respectively. The subscript “1” is used to designate the host of
the planets, and the subscripts “2” and “3” are used to denote
the planets. We note that the subscript “2” is used to designate
the planet inducing a larger perturbation in the central magni-
fication region. Because a lower-mass planet located close
to the Einstein ring of the host can induce a larger perturba-
tion than the perturbation induced by a heavier-mass planet lo-
cated away from the Einstein ring, the order of the subscripts
FIG. 4.— Lens system configurations of the four degenerate 3L1S so-
lutions. The inset in each panel shows the zoomed-in view of the central
magnification region.
“2” and “3” are not necessarily arranged by the mass.
In the 3L1S modeling, we start with the lensing parameters
(s2,q2,α) of the 2L1S solution and search for the parameters
related to M3, i.e, (s3,q3,ψ). This strategy is based on the
fact that an anomaly induced by two planets, in many cases,
is dominated by a single planet and the second planet acts as a
perturber (Bozza 1999; Han et al. 2001). Following this strat-
egy, we first conduct grid searches for (s3,q3,ψ) parameters
by fixing (s2,q2,α) parameters and then identify local minima
in the parameter planes. In the second round, we refine the in-
dividual local solutions by allowing all parameters, including
(s2,q2,α), to vary.
From the 3L1S modeling, we find four sets of solutions.
The multiplicity of the solutions is caused by the close/wide
degeneracies in s2 and s3, and thus the individual solutions
have s2–s3 pairs of (s2 < 1.0,s3 < 1.0) (close-close solution),
(s2 < 1.0,s3 > 1.0) (close-wide solution), (s2 > 1.0,s3 < 1.0)
(wide-close solution), and (s2 > 1.0,s3 > 1.0) (wide-wide so-
lution), respectively. Although the wide-wide solution pro-
vides the best fit, the degeneracies among the solutions are
severe with ∆χ2 ≤ 2.8. The lensing parameters of the indi-
vidual solutions are presented in Table 2. The mass ratio of
M3 to M1 is in the planetary-mass regime regardless of the so-
lutions, with q3 ∼ (0.8−1.5)× 10−3 and (6.5−8.7)× 10−3 for
the solutions with s3 < 1.0 and s3 > 1.0, respectively. This in-
dicates that the lens is a planetary system with two planets. In
the four panels of Figure 4, we present the lens-system config-
urations of the four degenerate 3L1S solutions. In each panel,
the positions of the lens components are marked by filled dots
and, the inset shows the zoomed-in view of the central caustic.
It is found that the 3L1S model substantially reduces the
residuals from the 2L1S solution, improving the fit by∆χ2 =
16.0 with respect to the 2L1S model. In Figure 2, we plot the
model curve of the 3L1S wide-wide solution (solid curve in
the top panel) and the residuals from the model. The resid-
uals show that the model curve passes through the error bars
of all data points around the peak, indicating the model well
describes the observed light curve. To show how the 3L1S
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TABLE 2
LENSING PARAMETERS OF 3L1S MODEL
Parameter close-close close-wide wide-close wide-wide
(s2 < 1.0, s3 < 1) (s2 < 1.0, s3 > 1) (s2 > 1.0, s3 < 1) (s2 > 1.0, s3 > 1)
χ2 12628.5 12626.6 12627.9 12625.7
t0 (HJD′) 8702.015± 0.002 8702.014± 0.002 8702.015± 0.001 8702.012± 0.001
u0 (10−3) 1.04± 0.24 2.17± 0.15 1.22± 0.09 2.36± 0.25
tE (days) 16.02± 0.26 16.08± 0.26 16.18± 0.25 16.18± 0.24
s2 0.41± 0.10 0.47± 0.07 2.12± 0.13 2.30± 0.36
q2 (10−3) 1.82± 1.92 1.32± 1.30 1.28± 0.17 1.91± 0.92
α (rad) 2.433± 0.070 2.496± 0.035 2.456± 0.043 2.500± 0.029
s3 0.43± 0.12 4.23± 0.63 0.38± 0.05 4.92± 1.14
q3 (10−3) 0.85± 1.43 6.55± 1.16 1.46± 0.25 8.65± 2.80
ψ (rad) 2.166± 0.166 2.099± 0.102 2.187± 0.096 2.079± 0.067
ρ (10−3) 2.41± 0.04 2.40± 0.04 2.40± 0.04 2.40± 0.04
NOTE. — HJD′ ≡ HJD−2450000.
FIG. 5.— Cumulative distributions of∆χ2 between the tested models and
1L1Smodel. In the upper panel, the observed light curve is presented to show
the region of fit improvement.
model explains the residuals from the 1L1S model, we draw
the curve of the difference between the 3L1S and 1L1S so-
lutions in the bottom panel. For the comparison of the lens
system configuration with that of the 2L2S solution, we sep-
arately present the configuration of the wide-wide 3L1S solu-
tion in the upper panel of Figure 3. From the comparison, it is
found that the right parts of the caustics of the two solutions
are similar to each other, but the caustic of the 3L1S solution
is elongated toward the direction of M3. For the 3L1S model,
the deviations from the 2L1S model at around t1 and t2 are
explained by the source crossing over the tip of the elongated
caustic produced by M3. For the 2L2S model, on the other
hand, the deviations are explained by the second source’s ap-
proach close to the caustic.
3.5. Comparison of Models
In Figure 5, we present the cumulative distributions of∆χ2
values of the tested models with respect to the 1L1S model.
Results from the comparison of the models are summarized
as follows.
1. Although the 1L1S solution approximately describes
the light curve, the model leaves small but obvious de-
viations in the peak region.
2. The 2L1S and 1L2S solutions substantially improve the
fit, by∆χ2 = 181.8 and 160.5 with respect to the 1L1S
solution, respectively, but there still exist small residu-
als from the models.
3. With the 3L1S and 2L2S models, the residuals from the
2L1S solution further diminish, and the fits improve by
∆χ2 = 16.0 and 13.5 with respect to the 2L1S model,
respectively. The χ2 difference between the 3L1S and
2L2Smodels is very minor,∆χ2 = 2.5, indicating that it
is difficult to distinguish the two models based on only
the light curve.
We judge that the 3L1S model provides a more plausible
interpretation of the event than the 2L2S model. First, the
signature of the second planet according to the 3L1S solution
appears in the region where it is expected, i.e., around the
peak of a very highly magnified lensing event. While this is
not really a reason to prefer the 3L1S model, if the opposite
were true, i.e., the signal from the third planet were coming
from somewhere other than the peak, it might be a reason to
discount the 3L1S model. The more compelling reason to
prefer the 3L1S model is that the 2L2S model is physically
implausible. According to the 2L2S model, the projected sep-
aration (normalized to θE) between the binary source compo-
nents during the lensing magnification is
∆u =
[(
u0 − u0,1
)2
+
(
t0 − t0,2
tE
)2]1/2
∼ 0.0018. (1)
This corresponds to the physical separation of
dS,⊥ =∆uDSθE ∼ 0.0036 au, (2)
where DS ∼ 8 kpc denotes the distance to the source and we
use θE = 0.25 mas. See Section 4 for the θE measurement.
The separation is too close for a binary system to be stable,
and thus the second source would have to be projected a con-
siderable distance in front of or behind the first source star in
order to avoid merging of the two source stars. Even if the
source companion is a bit further away, it would give rise to
“ellipsoidal variation” and “xallarap” (binary-source motion)
effects, but such variations are not seen in the light curve. For
example, if the orbital radius is three times of the projected
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FIG. 6.— Source location in the instrumental color-magnitude diagram
constructed using the pyDIA photometry of KMTA I- and V -band data sets.
The red dot indicates the centroid of the red giant clump (RGC).
separation, i.e., a∼ 3dS,⊥ ∼ 0.01 au and assuming∼ 1 M⊙ of
the binary source, the orbital period would be
T =
[
(a/au)3
M/M⊙
]1/2
∼ 0.37 days. (3)
Then, there would be substantial oscillation in the lensing
light curve caused by the ellipsoidal variations and xallarap
effects. The data quality is good enough to see these varia-
tions, if existed, during about 10 days around the peak. There-
fore, such solutions require extreme projection, and thus they
are implausible.
4. ANGULAR EINSTEIN RADIUS
We estimate the angular Einstein radius from the combina-
tion of the normalized source radius ρ and the angular source
radius θ∗ by
θE =
θ∗
ρ
. (4)
The value of ρ is measured by modeling the peak part of the
light curve that is affected by finite-source effects. For the
measurement of θE, then it is required to estimate θ∗.
We estimate the angular source radius based on the dered-
dened color (V − I)0 and magnitude I0 using the method of
Yoo et al. (2004). Following the method, we first locate the
source in the instrumental (uncalibrated) color-magnitude dia-
gram (CMD) and then calibrate the color and magnitude using
the known values of the red giant clump (RGC) centroid in the
CMD as a reference. In Figure 6, we present the locations of
the source and RGC centroid in the instrumental CMD con-
structed using the pyDIA photometry of the KMTA I- and
V -band data sets. The instrumental color and magnitude of
the source are (V − I, I) = (2.41± 0.04,20.68± 0.01). Using
the offsets in color and magnitude, ∆(V − I, I), from those
of the RGC centroid, located at (V − I, I)RGC = (2.84,16.64),
TABLE 3
ANGULAR SOURCE RADIUS, ANGULAR EINSTEIN RADIUS, AND
RELATIVE LENS-SOURCE PROPER MOTION
Quantity Value
θ∗ (µas) 0.61± 0.05
θE (mas) 0.25± 0.02
µ (mas yr−1) 5.70± 0.46
NOTE. — θ∗: angular source radius, θE: angular Einstein radius, µ:
relative lens-source proper motion.
the dereddened color and magnitude of the source are es-
timated as (V − I, I)0 = (V − I, I)RGC,0 +∆(V − I, I) = (0.63±
0.04,18.39± 0.01), where (V − I, I)RGC,0 = (1.06,14.35) are
the known values of the dereddened color and magnitude of
the RGC centroid (Bensby et al. 2013; Nataf et al. 2013). The
estimated color and magnitude indicate that the source is a
very late F-type main-sequence star.
With the measured (V − I)0 and I0, the angular radius of
the source is estimated first by converting V − I into V − K
using the color-color relation of Bessell & Brett (1988) and
then using the (V − K)/θ∗ relation of Kervella et al. (2004).
This procedure yields the angular source radius of
θ∗ = 0.61± 0.05 µas. (5)
With the normalized source radius, the angular Einstein radius
is estimated as
θE = 0.25± 0.02 mas. (6)
Together with the measured event timescale tE, the relative
lens-source proper motion is estimated as
µ =
θE
tE
= 5.70± 0.46 mas yr−1. (7)
In Table 3, we summarize the angular source radius, angular
Einstein radius, and relative lens-source proper motion. We
note that the measured relative lens-source proper motion is
similar to those of typical lensing events produced by either
bulge or disk lenses that magnify background bulge source
stars.
5. PHYSICAL LENS PARAMETERS
The mass, M, and distance, DL, to the lens are uniquely
determined by measuring the angular Einstein radius θE and
the microlens parallax, piE, i.e.,
M =
θE
κpiE
; dL =
au
piEθE +piS
. (8)
Here κ = 4G/(c2au) and piS = au/DS denotes the parallax
of the source. For KMT-2019-BLG-1953, θE is well mea-
sured, but the short duration of the event makes it difficult
to measure piE by the usual method of detecting light curve
deviations caused by the orbital motion of the Earth: an-
nual microlens parallax (Gould 1992). The KMT alert (Au-
gust 5) was issued one week after the final upload (July 29)
of the “Space-Based Microlens Parallax Survey” conducted
using the Spitzer telescope (Yee et al. 2015), and thus piE
could not be measured through the space-based parallax chan-
nel (Refsdal 1966; Gould 1994). Such high magnification
events can in principle yield terrestrial parallax measurements
(Gould 1997; Gould et al. 2009; Yee et al. 2009), but this gen-
erally requires that they be observed near peak from two
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TABLE 4
PHYSICAL LENS PARAMETERS
Parameter close-close close-wide wide-close wide-wide
(s2 < 1.0, s3 < 1) (s2 < 1.0, s3 > 1) (s2 > 1.0, s3 < 1) (s2 > 1.0, s3 > 1)
M1 (M⊙) 0.31+0.37−0.17 ← ← ←
M2 (MJ) 0.59+0.71−0.32 0.43
+0.51
−0.24 0.42
+0.50
−0.23 0.62
+0.75
−0.34
M3 (MJ) 0.28+0.33−0.15 2.13
+2.54
−1.17 0.48
+0.57
−0.26 2.81
+3.36
−1.54
DL (kpc) 7.04+1.10−1.33 ← ← ←
d2,⊥ (au) 0.8+0.9−0.6 0.9
+1.0
−0.7 4.0
+4.7
−3.3 4.4
+5.1
−3.6
d3,⊥ (au) 0.8+0.9−0.7 8.1
+9.3
−6.5 0.7
+0.3
−0.6 9.4
+10.8
−7.6
NOTE. — HJD′ ≡ HJD−2450000.
FIG. 7.— Probability distributions of the mass of the planet host, Mhost
(upper panel) and the distance to the lens, DL (lower panel). The solid line in
each panel indicates the median value, and the dotted lines represent the 1σ
range of the distribution.
well-separated observatories. However, the peak of KMT-
2019-BLG-1953 was only observed from KMTA, and thus
piE could not be securely measured through the terrestrial-
parallax channel. Not being able to determine piE, we esti-
mate the mass and location of the lens by conductingBayesian
analysis based on the measured tE and θE and using the prior
models of the mass function and the physical and dynamical
distributions of lens objects.
For the prior distributions, we adopt the Han & Gould
(2003) model for the physical lens distribution and the non-
rotating barred bulge model of Han & Gould (1995) for the
model of the relative lens-source motion. For the mass func-
tion, we adopt the Chabrier (2003) model for stellar lenses and
Gould (2000) model for remnant lenses, i.e., white dwarfs,
neutron stars, and black holes. With these prior distributions,
we produce 4× 107 artificial events by conducting a Monte
Carlo simulation. We then construct the probability distribu-
tion of the physical lens parameters for events with tE’s and
θE’s located within the ranges of the measured values.
In Figure 7, we present the probability distributions for the
mass of the planet host, Mhost ≡ M1 (upper panel), and the
distance to the lens, DL (lower panel). It is estimated that the
host star has a mass of
Mhost = 0.31
+0.37
−0.17 M⊙, (9)
and is located at a distance of
DL = 7.04
+1.10
−1.33 kpc. (10)
Therefore, the host of the planets is a low-mass star located ei-
ther in the bulge or just in front of it in the disk. In Table 4, we
list the physical lens parameters estimated from the individ-
ual solutions, including the masses of the planets, M2 = q2M1
and M3 = q3M1, and the projected separations from the host to
the individual planets, d2,⊥ = s2θEDL and d3,⊥ = s3θEDL. We
note that the presented parameters are the median values of
the Bayesian distributions, and the upper and lower limits are
estimated as 15.9% and 84.1% of the distributions. The val-
ues of Mhost and DL of the four degenerate solutions are sim-
ilar to each other due to the similarity in the estimated event
timescales and angular Einstein radii. On the other hand, the
values of M2, M3, d2,⊥ and d3,⊥ vary substantially depending
on the solutions due to the wide differences in si and qi pa-
rameters of the solutions. The mass of the first planet is in the
range of 0.42.M2/MJ . 0.62. Themass of the second planet
is in the ranges of 0.28 . M3/MJ . 0.48 for solutions with
s3 < 1.0 and 2.1. M3/MJ . 2.8 for solutions with s3 > 1.0.
6. DISCUSSION
Although KMTNet issued an alert for KMT-2019-BLG-
1953 more than 24 hours before peak, with real-time updates
to its web page3 every three hours, no followup observations
were taken. A possible reason for this was that many world-
wide followup resources were devoted to Spitzer targets at this
time. Here we call attention to the potential value of such fol-
lowup observations in the case of this event, and by extension,
to other similar events.
Despite the fact that KMT-2019-BLG-1953 lies in one of
KMTNet’s three highest-cadence fields, with a cadence of
15 min, this coverage was only barely adequate to detect
the second planet. Thus, even though the KMTNet observ-
ing strategy was originally designed to capture the shortest
anomalies, due to Earth-mass planets, it is still not frequent
enough to fully exploit the very rare extreme magnification
events such as KMT-2019-BLG-1953. In the era prior to the
advent of KMTNet, such high magnification and extremely
high magnification events were a major channel of planet
detection, and they were observed at much higher cadence
(Gould et al. 2010).
Indeed, high-cadence observations from multiple well-
separated sites led to terrestrial parallax measurements for
3 http://kmtnet.kasi.re.kr/ulens/kyuha/internal/2019alert/
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two events, OGLE-2007-BLG-224 (Gould et al. 2009) and
OGLE-2008-BLG-279 (Yee et al. 2009). In the case of KMT-
2019-BLG-1953, it is far from clear that such well-separated
observations of the peak would have yielded a successful
terrestrial-parallaxmeasurement. For example, if M∼ 0.3M⊙
and DS − DL ∼ 1kpc, as in our best Bayesian estimate, then
piE ∼ 0.085 with a resulting projected velocity v˜≡ au/piEtE→
1300kms−1. Hence, the peaks as observed by two telescopes
separated by 2500 km would have been displaced by at most 2
seconds. This would be too short to measure reliably. Never-
theless, without a parallax measurement, we do not knowwith
certainty that the lens was not much closer, in which case it
could have been measured.
The main point is that extreme microlensing events such as
KMT-2019-BLG-1953 are a rich source of information, both
about planets and microlens parallaxes. They occur only a
few times per season, and they should be followed up with
intensive observations, when possible.
7. SUMMARY AND CONCLUSION
We reported the discovery of a strong candidate multiplan-
etary system. The planetary system was detected from the
analysis of a very high-magnification event KMT-2019-BLG-
1953. The model based on the 1L1S interpretation with finite-
source effects appeared to approximately delineate the ob-
served light curve, but a close inspection of the residuals re-
vealed that the 1L1Smodel exhibited small but obvious devia-
tions with∆I . 0.07 mag in the peak region. Although mod-
els with a binary lens and a binary source improved the fit,
there still existed small residuals from the models and these
residuals could be explained by either triple-lens or binary-
lens binary-source models. Among the two remaining mod-
els, it was judged that the 3L1S model provided a more plau-
sible interpretation of the anomaly, first because the signature
of the second planet according to the 3L1S solution appeared
in the region where it was expected, i.e., around the peak
of a very high-magnification event, and second because the
2L2S model was physically implausible. The 3L1S modeling
yielded four sets of solutions resulting from the close/wide
degeneracies in the separations of the planets from the host.
From the Bayesian analysis conducted based on the mea-
sured tE and θE, it was estimated that the host of the planet
was a low-mass star with a mass of Mhost = 0.31+0.37−0.17 M⊙
and the planetary system was located at a distance of DL =
7.04+1.10
−1.33 kpc toward the Galactic center. The mass of the first
planet was in the range of 0.42 . M2/MJ . 0.62 and that of
the second planet was in the ranges of 0.27. M3/MJ . 0.48
for solutions with s3 < 1.0 and 2.1 . M3/MJ . 2.8 for solu-
tions with s3 > 1.0.
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